Liver transplantation is widely regarded as the most effective therapy for end-stage liver diseases. However, stem cell-based therapy is being developed as a promising strategy which offers a number of benefits as it is minimally invasive and associated with low immunogenicity and low cost. This paper will review the major clinical issues surrounding the use of stem cell therapy for managing cirrhosis, such as discussing the selection of appropriate subtypes of bone marrow stem cells and the need for pre-differentiation into hepatocyte-like cells prior to transplantation, and providing an overview of the methods to improve cell viability and to prevent the exacerbation of cirrhosis. The role of human umbilical cord blood stem cells and amniotic epithelial cells for the treatment of liver disease will be also introduced.
Introduction
Cirrhosis is a common consequence of chronic liver diseases, which leads to the liver failure during the decompensation stage. Liver transplantation is the only therapeutic option for advanced cirrhosis. However, the practicality of liver transplantation is compromised by the severe shortage of donated organs, high medical costs, and long-term requirement for immunosuppression. Sources of hepatocytes for the bio-artificial liver and hepatocyte transplantation are also limited. Recent studies suggest that stem cell transplantation may be a promising new strategy for the treatment of end-stage liver diseases [1] [2] . This treatment has not been widely used currently because of various unknown risks. And the treatment is expected to be gradually mature and standardized through the efforts of scholars. Here we review therapy-related details on the use of stem cell treatment for liver cirrhosis, and discuss advances in human umbilical cord blood stem cells (UCBSCs) and human amniotic epithelial cells (hAECs) as sources of therapeutic stem cell. Autoimmune liver diseases are commonly associated with enhanced cellular immune responses, and the use of CD34 + and/ or CD133 + cells exacerbates this condition [3] [4], whereas MSCs provide a safe and effective treatment strategy [5] . While there is no initial evidence of impaired immune response during the early stages of alcoholic liver cirrhosis [6] , the immune response may be reduced later as the disease progresses, especially in the advanced stages of liver failure [7] . As a result of this disease profile, HSCs are eliminated by the active immune cells during the treatment of early-stage alcoholic liver cirrhosis, and accompanied by exacerbating the progression of hepatic fibrosis [8] . A previous study shows that two among eight patients receiving HSCs for the treatment of alcoholic liver cirrhosis, there was one case of diabetes (an autoimmune disease) with graft-versus-host disease, and another patient developed deterioration of liver function with the hemorrhage of the upper digestive tract [9] . Jang et al. [10] treated alcoholic cirrhosis with MSCs and found no adverse events.
Selection of Bone Marrow
However, the reduced cellular immune response was usually found in the patients of alcoholic liver cirrhosis complicated with HCV [6] , hence the HSCs transplantation did not result in any adverse effect related to the immune response, which has been confirmed by Couto BG [9] . Depressed cellular immune function is often shown in patients with HBV-or HCV-induced cirrhosis [11] . Salama et al. [12] treated HCV infection complicated cirrhosis using HSCs (CD34 + /CD133 + ). In these subjects there were no adverse immune responses following HSCs transplantation and HCV titers were reduced in most patients with liver cirrhosis at 6 months post-transplantation. It was therefore, postulated that HSCs treatment may inhibit HBV propagation in patients with HBV-induced cirrhosis [13] .
Cellular immune function is generally enhanced during the early stages of cirrhosis complicated by acute-on-chronic liver failure (ACLF), but becomes depressed during the later stages of the disease process [14] . Therefore, appro- Figure 1 ) [16] .
Adipose-derived mesenchymal stem cells (ASCs) should be used instead of
BMSCs for early stage of liver cirrhosis complicated with ACLF. This is because
BMSCs have to be cultured and propagated in vitro making the procedure too slow to meet the urgent needs of these patients.
It has been suggested that endothelial progenitor cells (EPCs) might be a source of stem cells for cirrhosis therapy [17] . Since EPCs share a range of biological features with HSCs [18] , the therapeutic indications for EPCs might also be similar to those for HSCs. There might be multiple reasons listed and discussed as follows: First, induction before transplantation may facilitate stem cell differentiation into hepatocyte, resulting in increased therapeutic effect [22] . Secondly, it is also possible that the pathological hepatic microenvironment which may include inflammation con- This is thought to be because the liver regenerating and anti-fibrotic effects of stem cells is the result of their paracrine ability rather than an outcome of directed differentiation. The paracrine capability of predifferentiated stem cells has been shown to be attenuated during in vitro induction [29] , though there are different viewpoints [30] .
Predifferentiated or Undifferentiated Stem Cells

Clinical Studies
Comparison of the effects of transplanting predifferentiated and non-predifferentiated BMSCs via peripheral vein for the treatment of HCV-liver cirrhosis indicates that there is no significant difference with respect to clinical outcome and laboratory examinations at 6 months follow-up [31] .
Summary
However, the individual therapeutic merits of predifferentiated and unpredifferentiated stem cell transplantation for the treatment of cirrhosis remain controversial. Based on the published results, thoroughly predifferentiated stem cells appear to be less potent than unpredifferentiated cells [27] [28], and hepatocyte transplantation appears to be less effective than stem cell transplantation [32] .
These findings suggest that partial in vitro induction of stem cells, which actives stem cells and preserves their paracrine capability, is the better treatment option [33] .
Enhancing Stem Cell Survival
The therapeutic effect of stem cell transplantation is seldom satisfactory in late stage cirrhosis, when the microenvironment has been severely damaged. Studies have shown that serum albumin levels (ALB) of cirrhotic patients with Child- Based on these findings it was postulated that severe damage of the liver function might be closely related to poor stem cell survival post transplantation.
This was further demonstrated by the ex vivo experiments showing that hepatic-directed differentiation was not apparent in BMSCs induced by the serum from patients with 5% liver injury. In the same experiments apoptosis occurred in some of stem cells induced by serum from patients with 10% liver injury and all stem cells died after induction with serum from patients with 15% liver injury [36] . Although, serum from patients with hepatic injury might be able to facilitate the hepatic differentiation of the stem cells in vitro; toxicity from the damaged liver may impair stem cell viability during in vitro induction.
Methods to Improve the Microenvironment
Hyperbaric Oxygen Treatment
Systematic hypoxemia persists in 30% to 70% of patients with cirrhosis. Longterm hypoxemia results in apoptosis of transplanted stem cells, and affects therapeutic outcomes [37] . Clinical studies have shown that hyperbaric oxygen improves the hypoxemic condition of the hepatic microcirculation, and decreases toxic metabolites in plasma, thereby improving stem cell survival [38] . However, hyperbaric oxygen treatment may not be suitable for patients with esophageal varices. In these subjects normobaric oxygen treatment can be suggested instead.
Medication and (or) Plasma Exchange to Improve the Hepatic Microenvironment
Plasma exchange has been shown to increase serum levels of hepatocyte growth factor (HGF) without changing serum levels of fibroblast growth factors (FGF-4 and bFGF) or epidermal growth factor (EGF). Plasma exchange may, therefore, promote the differentiation of BMCs in a way that allows them to repair and regenerate the impaired hepatocytes in patients with severe hepatitis [39] . Experiments using the pig model of acute liver failure indicate that autologous MSCs transplantation in combination with medication (including 100 ml plasma and 100 mg diammonium glycyrrhizinate intravenously injection) resulted in significantly better outcomes than MSCs transplantation or medication alone [40] .
Another clinical trial showed that combined therapy with umbilical cord blood infusion and plasma exchange improved the liver function and immunity to a greater extent than monotherapy in patients with chronic severe hepatitis [41] .
Thus, both medication and stem cell transplantation effectively reduce inflammation, improve liver function and prevent further deterioration. These procedures allow toxic metabolites to be quickly removed providing a relatively stable and favorable internal environment for stem cell survival and propagation.
Appropriate Transplantation Site
The spleen is adjacent to liver, and for this reason intrasplenic transplantation is usually preferred when the hepatic environment is not suitable for stem cell transplantation. Transplantation of induced MSCs into the spleen, portal vein, and vena caudalis was shown to improve liver function and the pathohistological profile of patients with chronic liver disease, irrespective of which route was used. However, intrasplenic transplantation was the most effective of the three routes [42] .
Stem Cell Engineering
There are multiple types of stem cell resources for use in treating cirrhosis. These include fetal liver stem cells, embryonic stem cells, UCBSCs, BMCs, amniotic stem cells, and induced pluripotent stem cells [43] . It has long been believed transplantation with a single stem cell type (such as MSCs) might be more effective than using a mixed type (such as a mononuclear cells). However, accumulated evidence suggests that cell-cell interactions may be an important factor for the success of the stem cell therapy, and that cytokines or specific cell types in mixed mononuclear cells, might be associated with improved stem cell survival and therapeutic effect [44] . A previous study reported that co-trans-plantation of two types stem cell might be an optimal method [45] . Results from another clinical study suggest that UCBSCs transplantation might be superior to BMCs [46] . However, further experimental confirmation is need to determination the types of stem cell that are best adapted to survive the harsh environment of liver.
In Vitro Preconditioning
Results from a rat model of liver injury, showed that MSCs co-cultured with hepatocyte growth factor for 2 weeks survived better than control cells, and significantly reduced the degree of liver fibrosis [19] . In another experiment, transplantation of microencapsulated MSCs significantly increase the survival rate of 90% hepatectomized rats. The 2-week survival rate of microencapsulated MSCs group, free MSCs group and 90% hepatectomized group were 91.6%, 25% and 21.4% after transplantation, (P < 0.01). The microencapsulated MSCs exhibited long-term survival, secreted trophic factor and differentiated into hepatocyte-like cells [47] . In another study [48] , interleukin 10 gene-modified bone marrow-derived liver stem cells (BDLSCs) were shown to significantly reduce inflammation associated with liver fibrosis. They also promoted liver regeneration, to a greater degree than unmodified BDLSC.
Hepatogenic Differentiation of Stem Cells Prior to Transplantation
A model of rat spinal cord injury [49] showed that predifferentiated MSCs had better motor function and a higher survival rate than undifferentiated MSCs. In another study, MSCs co-cultured with the hepatocyte growth factor and basic fibroblast growth factor were found to a have superior therapeutic effect to control MSCs in a rat model of liver fibrosis [21] .
Inhibition Stem Cell Apoptosis
It has been shown that exposure of rat hepatocyte-like cells to ursodeoxycholic acid (UDCA) inhibits deoxycholic acid-induced hepatocyte-like cells apoptosis, by down-regulating the p53/Bax signal pathway [50] .
Summary
Stem cell transplantation has been shown to be associated with an unsatisfactory therapeutic effect in the treatment of liver failure especially for subjects with severe Child-Pugh stage C cirrhosis. One key reason for this is that the transplanted stem cells may not be able to survived the relatively hostile microenvironment of the liver. Promotion of the survival rate of the transplanted stem cells, therefore, appears to be critical for the success of treatment. To achieve this, a suitable transplantation strategy should be considered on basis of the stem cells per se and the hepatic microenvironment (as illustrated in Figure 2 ).
Prevention of Hepatic Fibrosis
Accumulated studies suggest that fibrosis can be ameliorated by stem cell transplantation [51] [52] . However, there is equally compelling evidence indicating that stem cells have the potential to differentiate into the hepatic stellate cells and myofibroblasts, both of which are involved in the progression of fibrosis Figure 2 . The strategies to improve stem cell survival. Abbreviations: UCBSC: umbilical cord blood stem cells; HGF: hepatocyte growth factor; IL-10: interleukin 10; UDCA: ursodeoxycholic acid. [23] . It is therefore, important to address the issue of preventing stem cell induced fibrosis.
Etiological Treatment
Stem cell transplantation is not routinely combined with etiological treatment such as anti-HBV or HCV therapy, and as result liver function is improved, but portal hypertension and upper gastrointestinal hemorrhage are not alleviated [34] . The more recent, combined therapeutic strategy of using stem cell transplantation and etiological treatment has been shown to improve both liver function and upper gastrointestinal hemorrhage [53] . Persisting inflammation in the liver due to lack of etiological treatment not only interferes with the therapeutic effect of transplanted stem cells, but also drives stem cell differentiation towards the production of myofibroblasts and hepatic stellate cells, both of which exacerbate the fibrosis. By contrast, etiological treatment used in conjunction with stem cell transplantation synergistically improves the therapeutic outcome of patients with cirrhosis.
Anti-Inflammatory Treatment
It is generally believed that under the microenvironment of fibrosis or cirrhosis most transplanted stem cells differentiate into hepatocytes, and hepatic stellate cells by hepatic stellate cells [24] [54] . However, in a mouse model of liver fibrosis or cirrhosis with remarkable inflammation [23] , the majority of injected stem cells differentiated into myofibroblasts, resulting in liver fibrosis being aggravated. Under such circumstances an appropriate anti-inflammation therapy should be administered to improve the survival of the transplanted stem cells [40] , to avoid stem cells differentiation into myofibroblasts, and thereby improve the therapeutic effect. However the anti-inflammatory effect should not be so strong that it impairs stem cell motility and differentiation [55] [56].
Selection of an Appropriate Stem Cell Type
The type of stem cells should be selected cautiously and carefully to avoid enhancing the immune response and triggering an immune system disorder [3] [4] [8] [9] . MSCs is preferred over HSCs for the cirrhosis with the severe inflammation. Whole bone marrow cells or bone marrow mononuclear cells (BMNCs) contain a certain proportion of inflammatory cells and a relatively small proportion of HSCs. Consequently, the resulting anti-inflammatory effect is less than that seen with MSCs. Experiments using a rat model of severe cirrhosis showed that liver fibrosis was exacerbated by BMNCs transplantation, but was ameliorated by BMSCs transplantation [57] [58] [59] . Similarly, it was demonstrated by the animal experiments that BMSCs had better therapeutic effect on acute liver injury with the respects to anti-inflammation and anti-fibrosis activity [60] .
Summary
Stem cell transplantation may have either positive or negative outcomes depen-ding on the direction of stem cell differentiation which can be uncertain within the complex microenvironment of the liver. A satisfactory therapeutic effect can be achieved by improving the hepatic microenvironment, by selecting appropriate types of stem cell, and by in vitro manipulation prior to transplantation.
The use of stem cell induction prior to transplantation has been described previously and the therapeutic use of hAECs will be described in a following section.
Umbilical Cord Blood Stem Cells
Umbilical cord blood, has been used for many years in clinical practice as an important source for hematopoietic stem cell transplantation, and has resulted in encouraging therapeutic outcomes. Experimental trials have shown that UCBSCs can be induced and differentiated into hepatocyte-like cells [61] . They stimulate liver regeneration [62] , alleviate fibrosis [63] , enhance hepatic angiogenesis [64] , and inhibit primary hepatocellular carcinoma [65] . They, may, therefore, provide be suitable for use in a wide range of therapeutic applications for end-stage liver disease.
Experimental Studies with UCBSCs
Liver function and hepatic histological grade were significantly improved in rats with decompensated cirrhotic rats after injection through the tail vein of a nucleated cell suspension of umbilical cord blood containing > 2 × 10 6 CD34 + stem cells [66] . Liver fibrosis and survival rate were also improved relative to control rats although the differences were not statistically significant. In a rabbit model of fibrosis transplantation of 5 × 10 5 CD34 + UCBSCs via portal vein injection (in the absence of immunosuppression) improved liver function and alleviated fibrosis without causing symptoms of rejection [67] . Based on these findings, it was proposed that following intrahepatic injection into the rats with liver cirrhosis, umbilical cord blood mononuclear cells (UCBMNCs) are differentiated into hepatocytes and inhibit the activation of stellate cells, which is shown by the induction of stellate cells apoptosis [68] . This form of hepatocyte regeneration, coupled with the anti-inflammatory and antioxidant effects of UCBMNCs, is thought to alleviate cirrhosis. The same studies showed that UCBMNCs induced high levels of expression of the APE1 gene which might also be responsible for the prevention and inhibition of hepatic injury. between the human UCBSCs and human recipients might be less marked than that between human UCBSCs and rat recipients. However, further clinical trials are needed to more precisely elucidate the effect of UCBSCs.
Clinical Studies with UCBSCs
UCBSCs transplantation via hepatic artery has been undertaken in HBV patients with cirrhosis and Child Pugh stage C liver impairment. These patients were receiving anti-viral agents, HGF, and other symptomatic and supportive treatments. The results indicated significant improvements in symptoms and liver function, and CT examination showed that the liver cross-sectional area was markedly increased compared to pretreatment findings [71] . The satisfactory outcomes reported in this study might in part be explained by the use of associated therapies that addressed the underlying etiology and promoting stem cell survival.
In the another trial [72] UCBSCs were transplanted through the hepatic artery UCBSCs transplantation has also been used for the treatment of cirrhosis associated with hepatic diabetes. In this study, improvements in cirrhosis were accompanied by normalization of blood glucose levels [74] . In another study
UCBSCs transplantation resulted in a general improvement in the overall condition of a patient with Wilson disease, concomitance with increased appetite for food. Serum ceruloplasmin levels were increased and no acute rejection occurred [75] .
A study comparing UCBSCs transplantation with the autologous peripheral blood stem cells (PBSCs) transplantation for treatment of severe chronic liver disease with ascitic cirrhosis, indicated that both types of stem cells improved liver function and cirrhosis with equal effect [76] . However, UCBSC transplantation was considered to be more effective than PBSC in patients with the most severe disease. Another study comparing UCBSC with BMCs transplantation
showed that higher proportions of CD34 + or CD38 + cells were contained in UCBSCs than in BMCs. Both stem cell types were used to treat HBV and HCV cirrhosis in patients with Child Pugh stage B and C liver impairment. The results
showed that the therapeutic effect of UCBSCs transplantation was better than that of BMCs [46] .
Summary
Based on published literature, UCBSCs transplantation for the treatment of cirrhosis appears to be superior to PBSCs or BMCs transplantation. Although the immunogenicity of the UCBSC is very low, it still contains allogeneic cells and close monitoring is required to ensure early detection and prevention of any rejection responses. 
Amniotic Epithelial Cells and Liver Disease
Genetic Liver Diseases
Transplantation of 5 × 10 5 hAECs cells every other week via the tail vein prolonged the survival of mice with experimentally induced Niemaoh-Pick disease [85] . Loss of body weight, organ damage, cholesterol deposition, and the relative weight of the liver were all reduced, indicating that hAECs may have a role in the treatment of fatal genetic diseases, including the metabolic liver disease.
Liver Fibrosis
Amniotic membrane administered as a patch on the surface of the liver has been investigated in a biliary fibrosis model established by bile duct ligation in rats [86] . The amniotic membrane reduced biliary cell inflammation and collagen deposition in the liver. It also inhibited the activity of myofibroblasts, which significantly reduced and delayed the development of liver fibrosis. Based on these findings it was postulated that its therapeutic effect might be due to paracrine activation rather than to the hAECs per se. Other workers have shown that hAECs injection improves liver function, reduces hepatocyte apoptosis, and decreases hepatic inflammation and fibrosis in a CCL4-induced liver fibrosis model in wild-type mice [87] . In this study no obvious rejection response was seen 2 weeks after hAECs transplantation.
These findings suggest that, hAECs may provide an effective treatment for liver fibrosis, as it appears to avoid the exacerbation of fibrosis that is caused by stem cell differentiation. The lack of rejection and exacerbation of fibrosis in the two mouse models also supports the use of hAECs as a potential source of stem cells for the treatment of cirrhosis.
Summary
The efficacy and safety of human amniotic membrane in the treatment of ophthalmological diseases have been established for a number of years. However, there remains a lack of in-depth studies using hAECs for liver regeneration in liver disease, and therefore requiring rigorous research.
Conclusion
Stem cell therapy has been shown to be effective for treating end-stage liver disease. Further investigations using careful study designs should be undertaken to identify the optimal dose of injected stem cells, the times of transplantation, the timing of repeated cell transplantation, and the monitoring on the long-term complications. With the gradual promotion of stem cell therapy, we can focus on the optimization of the treatment methods in the future, especially on the improvement of curative effect and the lasting aspect of therapeutic efficacy. It is believed that the formal clinical application will be realized in the future by the joint efforts of clinical practitioners and basic researchers.
